A polymorphous crystallization process in an amorphous FeZr 2 alloy has been investigated by means of accurate electrical resistance measurements (ERMs) at elevated temperatures. It was found that, upon crystallization of the amorphous alloy, the electrical resistance increased with increasing temperature, exhibiting three distinct stages. Quantitative microscopy observations revealed that the three stages originated from crystal nucleation, from subsequent growth of crystal nuclei and from coarsening of the crystallites respectively. The activation energies for the crystal nucleation and growth determined from the ERM data agree satisfactorily with the data in the literature. The success in identi® cation of the crystal nucleation and growth processes by means of ERMs may originate from diOE erences in electrical resistance changes due to the crystal formation and the crystalline± amorphous interface formation processes from the amorphous phase.
Crystal nucleation and growth kinetics from melts have been studied extensively in recent decades following the classical kinetic theory of nucleation and growth in a liquid developed by Turnbull and Fisher (1949) and Turnbull (1956) . Despite numerous eOE orts that have been made in characterizing the crystal nucleation kinetics (Kelton 1991) , quantitative and accurate identi® cation of the crystal nucleation process from melts (especially metals and alloys) remains a challenge to material scientists. Amorphous solids are normally considered as`frozen melts' . The crystallization process in amorphous solids is analogous to that in melts, that is a kinetic process consisting of crystal nucleation and subsequent growth of the crystalline nuclei (Koester and Herold 1981) . Hence, amorphous solids provide a unique opportunity for investigations (especially experimental) on the crystal nucleation and growth behaviours from melts under high undercoolings. Many studies on crystallization from amorphous solids, of which the primary objective is identi® cation of crystal nucleation and growth rates, have been made since the 1960s (Cahn 1983) .
Crystal nucleation and growth kinetics in the amorphous solids are conventionally measured by means of direct observations (e.g. by using transmission electron microscopy (TEM) at a high magni® cation) or, alternatively, indirect kinetic analyses of the apparent crystallization process. Direct TEM observations and counting of the number and size of the crystallites in the amorphous matrix as a function of temperature or time may provide kinetic information of the crystal nucleation process. However, this method suOE ers from di culties in resolving the initial stage of nucleation (owing to the weak contrast between the tiny crystalline embryo and the amorphous matrix) and in obtaining satisfactory data because of the limited observation areas.
The indirect kinetic analysis method based upon the kinetics theory for solidstate phase transformation (e.g. the Johnson± Mehl± Avrami equation (Christian 1975) ) is frequently used for evaluating the crystal nucleation and growth behaviour in amorphous solids (Greer 1982) . DiOE erential scanning calorimetry (DSC) is a commonly used technique, which measures the enthalpy change during a phase transformation, to determine the apparent crystallization kinetics by assuming that the enthalpy change is proportional to the volume fraction of the crystallized phase. Although this technique has been used for several decades, its applicability in identifying the crystal nucleation in crystallization of amorphous solids is questionable because of the following facts.
(i) As the critical crystal nucleus size is extremely small (typically 1± 2 nm, according to the theoretical prediction (Greer 1985) ), the thermal eOE ect of the crystal nucleation process is too weak to be precisely detected by DSC (Lu et al. 1994 ). (ii) Both the crystal nucleation and the growth processes are exothermic.
Separation of the thermal signals from nucleation and growth during crystallization is always di cult. Of course, when crystal nucleation and the growth processes occur simultaneously in some cases of crystallization from amorphous solids, the kinetic information on both processes can hardly be deconvoluted by the thermal analysis (and other techniques as well).
It is known that the electrical resistance is sensitive to the microstructure development in solids. The atomic coordination at the amorphous± crystalline interface diOE ers from those of the crystalline lattice and the amorphous phase as well. It is reasonable to expect a diOE erence in electrical resistivity changes between the amorphous± crystalline interface formation (from the amorphous phase) and the crystallite formation. In the crystal nucleation stage when the embryo is very small, the interface-to-volume ratio is so large that the process is dominated by the amorphous± crystalline interface formation. Then, the electrical resistance variation during the crystal nucleation process might be substantially diOE erent from that for the crystal growth (basically an amorphous-to-crystalline) process.
The objective of the present work is to identify such a diOE erence in the electrical resistance variation during the overall crystallization process of amorphous solids by means of accurate electrical resistance measurements (ERMs). A polymorphous crystallization from an amorphous Fe 33 Zr 67 alloy was chosen as a case study because of its simple crystallization kinetics (single-phase formation). Our results indicate that the crystal nucleation and growth processes in this glassy alloy (as well as others such as Ni± P glass (Wang and Lu 2000)) can be clearly identi® ed from the measured temperature dependence of electrical resistance. This provides us with a new approach that can be conveniently used to measure the crystal nucleation and growth kinetics in amorphous solids.
An amorphous Fe 67 Zr 33 (at.% ) alloy ribbon (about 18 mm thick, 1.5 mm wide and a few metres long) was prepared by means of the melt-spinning technique in vacuum starting with high-purity (99.999% ) elements. X-ray diOE raction (XRD) analysis and TEM observations veri® ed that the as-spun ribbon is fully amorphous with a good homogeneity in structure and composition along the length of the ribbon. No structure and composition diOE erences were detected from both sides of the ribbon since it is very thin.
The electrical resistance and its variation as a function of temperature of the amorphous ribbon sample were measured by using a two-line ac electrical resistance measurement instrument, which was specially designed to achieve an improved measurement sensitivity of the resistivity change compared with the conventional four-probe method. Two Pt thin wires (with a diameter of 0.5 mm and a length of 20 mm) were used as probes and ® xed on a quartz plate parallel to each other with a spacing of 42 mm (which can be adjusted according to the sample length). The thin ribbon amorphous sample 65 mm long is placed on to the Pt wires by using a spring ® xer in order to obtain close contact for minimizing the contact resistance between the sample and the probes (Pt wires), especially at elevated temperatures. An asbestos cloth and a quartz block were placed between the ® xer and the sample for isolation, as schematically shown in ® gure 1. The measurement was performed in a vacuum chamber (6:7 £ 10 ¡3 Pa) to avoid surface oxidation of the sample. The temperature (with an accuracy of §1 K) was measured by means of thermocouples placed in close contact to the sample. The electrical resistance measurement (within a range 10 m«± 100 k«) was performed using a HP 4338P milliohmeter, and the measurement accuracy is better than 0.4% in the present work. The sample can be heated at a constant heating rate ranging from 0.1 to 10 K min ¡1 . For comparison, DSC measurements of the crystallization process were carried out in a Perkin± Elmer DSC-7 using Al pans at the same heating rates in a¯owing Ar atmosphere.
Upon heating the as-quenched amorphous FeZr 2 alloy at a constant heating rate from room temperature, the resistance decreases slightly owing to its negative temperature coe cient of resistance (Altounian et al. 1985 ). An evident resistance increase was observed between 645 and 700 K at a heating rate of 5 K min ¡1 , as shown in ® gure 2 (a). Such a resistance increment corresponds to a polymorphous crystallization process of the amorphous alloy (Buschow 1981) . DiOE ering from the observations in the same glass in the literature in which the resistance increases monotonically with temperature (Altounian et al. 1985) , our measurement result showed that such a resistance increase seems to consist of three distinct stages. This can be clearly seen from the derivative curve of dR=dT versus T in which three obvious peaks are identi® ed at about 655, 668 and 695 K respectively (® gure 2 (b)). Such a three-stage feature, which can be obtained with diOE erent heating rates, might originate from the improved measurement sensitivity of the resistance change in the present measurement facility. For comparison, a DSC measurement curve for the FeZr 2 glass at the same heating rate was depicted in ® gure 2 (b) showing an evident exothermic peak with a weak shoulder at higher temperatures. The displayed curve is actually a DSC measurement trace of the as-quenched amorphous sample subtracted by the DSC baseline which is determined by using the fully crystallized sample at the same heating rate (i.e. basically a straight line). The exothermal peak was attributed to a polymorphous crystallization of FeZr 2 phase and the weak shoulder to a grain growth (coarsening) process of the FeZr 2 phase (Buschow 1981) . It is obvious that the ERM results of the crystallization process diOE er signi® cantly from that from the DSC measurements in that, ® rstly, the temperature range of transition determined by the ERMs is much wider than that from DSC, implying that the ERMs are more sensitive to the structure change upon crystallization, and that, secondly, three formation rate maxima were observed in ERMs, compared with only one in DSC. In order to understand the origin for the remarkable diOE erences between the DSC and the ERM results, quantitative microstructure analysis of various samples was performed by means of TEM observations and XRD analysis. Microstructures of the samples heated to diOE erent temperatures at a heating rate of 5 K min ¡1 were examined. It was found that the samples annealed below 648 K (prior to the onset of peak I in the ERMs) show typical amorphous characteristic exhibiting a homogeneous contrast in TEM images and diOE use halos in the XRD pattern. When the annealing temperature reached 651 K, there appeared many tiny FeZr 2 (fcc structure) crystallites with an average diameter of about 2 nm, embedded in the amorphous phase (® gure 3 (a)). With an increase in the annealing temperature to 659 K, the number (density) of FeZr 2 crystallites increases considerably while their size seems to remain unchanged, as shown in ® gure 3 (c). A further increment of the annealing temperature from 659 to 663 K leads to an evident increase in the crystallite size but no obvious change in the crystallite density. At 679 K, the sample is fully crystallized without the residual amorphous phase left and the average crystallite size is about 7 nm. When the sample was annealed at 713 K (above peak III), coarsening of the ultra® ne FeZr 2 crystallites occurs with a decrease in the crystallite density. Figure 4 shows the variation in the number of crystallites and the average crystallite size with the annealing temperature.
By comparing ® gures 2 and 4, it is evident that peak I in the ERM corresponds to a FeZr 2 phase nucleation process from the amorphous phase, during which the number of crystallites increases signi® cantly. Peak II corresponds to a growth process of the FeZr 2 crystallites at an expense of the surrounding amorphous phase that is eventually consumed, and peak III to a coarsening process of the ultra® ne FeZr 2 crystallites. It can also be seen that the DSC exothermic signals re¯ect primarily the growth process of the crystalline nuclei, while no obvious exothermic eOE ect was detected during the crystal nucleation (peak I) and the coarsening process (peak III).
In order to verify the identi® cation of the crystal nucleation and growth, a preannealing treatment was performed for the as-quenched FeZr 2 sample at 653 K (slightly higher than the onset temperature of peak I). TEM observations indicated that numerous pre-existing crystal nuclei were developed after the pre-annealing treatment. Measurement of the pre-annealed sample following the same procedure as the as-quenched sample indicated that, in the curve of dR=dT versus T curve, only one peak (at about 658 K) was observed with a weak shoulder at about 690 K because of the coarsening process. It is evident that the ® rst peak for crystal nucleation disappeared and the second peak (growth of crystal nuclei) shifted to lower temperatures owing to the pre-existing nuclei. This phenomenon is consistent with the previous observation in an amorphous Ni± P alloy (Lu and Wang 1988) .
By applying diOE erent heating rates in the ERM experiments (from 1 to 10 K min ¡1 ), similar three-peak features were observed in the dR=dT curve. These peaks were found to shift to higher temperatures when the heating rate is increased. Such a peak-shifting phenomenon can be, as usual, used to determine the activation energy of the process by means of the Kissinger (1957) 
where B is the heating rate, R is the gas constant, Q is the activation energy and T is the characteristic temperature. By using the onset and peak temperatures for these three peaks in the dR=dT curve, Kissinger plots are straight lines as seen in ® gure 5. The activation energy values derived are 669 § 25 kJ mol ¡1 (T on1 ) and 652 § 18 kJ mol ¡1 (T p1 ) for peak I, 360 § 25 kJ mol ¡1 for peak II, and 337 § 34 kJ mol ¡1 for peak III. Kissinger plots by using the onset and peak temperatures of the DSC exothermic peak, as depicted in ® gure 5, yield activation energy values of 341 § 15 and 343 § 15 kJ mol ¡1 , respectively. These values are very close to the results for peak II and peak III in the ERM measurements.
The derived activation energy values for peak I from the ERMs agree reasonably with that for the nucleation process of FeZr 2 during crystallization of the amorphous alloy determined by using quantitative TEM observations (about 700 kJ mol ¡1 ) (Blank-Bewersdorf and Koester 1988) . It veri® es our observation that peak I originates from the crystal nucleation in the amorphous phase. The activation energies for growth of crystalline nuclei (peak II) and the crystallite coarsening (peak III) are close to Zr self-diOE usion activation energy (which is about 350 kJ mol ¡1 (Brandes and Brook 1992)), but much larger than that for Fe diOE usion in Zr (about 200 kJ mol ¡1 (Brandes and Brook 1992)). Hence, it is reasonable to assume that the FeZr 2 crystallite growth process in the amorphous phase and coarsening of FeZr 2 crystallites are dominated by diOE usion of Zr atoms. In the literature, the activation energy for coarsening of FeZr 2 crystallites was determined using TEM measurements, being about 290 § 23 kJ mol ¡1 in a temperature range 753± 963 K (Spassov and Koester 1993), which is reasonably consistent with our result.
During the crystal nucleation process, numerous amounts of tiny crystalline embryos are formed from the amorphous matrix, and simultaneously a large amount of the amorphous± crystalline interfaces are constructed. Because of the small crystalline embryo size, the volume fraction of the amorphous± crystalline interface can be comparable with, or even larger than, that of the crystallite. The volume ratio of the amorphous± crystalline interface (with a thickness of D) to the crystallite (taken as a sphere with a diameter 2r) can be estimated from 4pr 2 D 4 3 pr 3ˆ3 D=r, which is about 2± 6 when the critical nucleus size is taken as about 1± 2 nm and D about three to four atomic layers. Therefore, the crystal nucleation is basically a process in which the majority of atoms transform from the amorphous phase into the amorphous± crystalline interfaces while, for the growth process of crystalline nuclei, the volume fraction of the crystallite increases substantially, but that of the amorphous± crystalline interface tends to zero. In other words, during the crystal growth, most atoms transform themselves from the amorphous phase into crystallites. Consequently, the electrical resistance changes during these two processes » a¡c ¡» a and » c ¡» a , can be very diOE erent owing to the atomic coordination diOE erence in the amorphous± crystalline interfaces and the crystallites. The successful identi® cation of the crystal nucleation process in crystallization of the amorphous Fe 33 Zr 67 alloy shows that such a resistance diOE erence can be detected directly by means of the accurate two-line ac ERMs with improved measurement sensitivity.
The peak temperatures in the derivative curve of dR=dT versus T (as in ® gure 2 (b)) may correspond to maxima for the transformation rate of crystal nucleation process and that of the crystal growth in the amorphous phase respectively. The peak temperature diOE erence may associate closely with the crystallization kinetics and the ® nal grain size (before coarsening) of the crystallization products. A large diOE erence in the peak temperature may imply a large temperature (and/or time) window for crystal nucleation without substantial growth, hence resulting in ® ne crystallites in the crystallization product. The relative large peak temperature diOE erence in the present case of the FeZr 2 glass (about 13 K) might be the origin for the ultra® ne microstructure (with grain sizes in the nanometre regime) in the crystallization products of this metallic glass. Consequently, the present measurement technique may provide important kinetic information that facilitates the processing control for realising and optimizing the nanocrystallization of amorphous solids (Lu 1996 , Lu et al. 1991 .
In this paper, we presented an experimental identi® cation of the crystal nucleation and growth process during crystallization of the amorphous FeZr 2 alloy by means of the two-line ac electrical resistance measurement. This technique may provide a convenient and direct measurement of the crystal nucleation and growth kinetics that not only facilitates the in-depth understanding of these basic processes, but also is signi® cant for controlling the nanocrystallization of amorphous alloys in order to achieve novel properties and behaviours.
